A special dielectric edge filter extremely sensitive to any change in refractive indices, layer thicknesses and angle of incidence has been investigated using holographic pump-probe measurements at different intensity values. Different physical processes overlapping in time were found to occur, namely the Kerr effect, freeelectron generation and their subsequent trapping. A numerical model was used to reproduce the experimental results and decouple these processes.
INTRODUCTION
The field of nonlinear optical coatings is gaining moderate interest after promising demonstrations of frequency tripling mirrors, 1 Kerr-sensitive edge filters 2 and other promising applications. However, since these optics operate at high intensity values by design, the topic of laser-induced damage threshold (LIDT) must be addressed. Recent trend in the laser-damage field is to investigate laser-induced damage in situ by employing time resolved experimental techniques that provide evidence of nonlinear material response and subsequent dynamical processes. [3] [4] [5] Time resolved digital holography (TRDH) pump-probe experiments is a promising technique that provide information about the change in real and imaginary parts of refractive index with both spatial and temporal resolution. 6 However, interpretation of TRDH experiments, especially in stratified media such as multilayer coatings, is a complicated task without appropriate theoretical models that would allow to correctly describe many simultaneous processes that underlie the formation of damage. In this paper we present TRDH measurements of a nonlinear edge filter and an accompanying theoretical model to quantitatively analyze the nonlinear response of the coating.
TIME-RESOLVED MEASUREMENTS
Edge filter named F502 was selected for the time-resolved investigation of laser damage. It is comprised of 69 alternating Nb 2 O 5 and SiO 2 layers and has steep changes in spectral and angular reflectances (at 1030 nm and 17 deg. respectively). More information about the design, manufacturing and optical characterization of the sample can be found in the paper by Amotchkina et al . The optical scheme of the experimental time-resolved digital holography setup is shown in Figure 1 . An oscillator-amplifier (Yb:KGW) laser system was used to generate 310 fs duration (FWHM) pulses at a central wavelength of 1030 nm. The incoming pulses were split into pump and probe branches by using λ/2 plate and polarizing beam splitter (PBS). Pump pulses were focused down to a spot of (57.4 ± 0.6) µm beam diameter (1/e 2 ) on the NMC at 0 degree angle of incidence (s polarization). Fluence level of pump pulses was adjusted by using an attenuator consisting of λ/2 plate and PBS. Probe pulses were produced by amplifying and compressing spectrally broadened supercontinuum pulses using a noncollinear optical parametric amplifier (NOPA), based on BBO nonlinear crystal pumped by third harmonic of the fundamental pulses. 7 After the amplification and prism-based compression, bandwidth-limited probe pulses with 28 fs duration (FWHM) were produced at central wavelength of 539 nm. After passing through the mechanical delay line, pump pulses were further split into object and reference branches. The object branch contained the investigated NMC sample (placed backwards at 45 degree angle of incidence (p polarization)) and microscope objective. The reference branch contained telescope, fused quartz wedges (to compensate for sample group velocity dispersion) and diffraction grating (to tilt the phase front of the pulses in order expand the spatial interference zone registered on a CCD camera). Object and reference branches were recombined in a modified Mach-Zehnder interferometer. An out of focus interference pattern was registered with the CCD camera. This digital hologram was numerically reconstructed 8 to produce amplitude and phase changes of the probe pulse, caused by the NMC excitations induced by the pump pulse.
The 1-on-1 LIDT of the F502 sample for the conditions of pump pulses was measured prior to the timeresolved experiments. The LIDT value as well as a few intensity values just below and above LIDT (Table 1) were selected for investigation of underlying processes. The excitations were observed in the delay range of up to 2.5 ps after the peak of the pump pulse with a step of 50 fs. Experimental transmittance ratio and phase shift data for all intensity values at selected delays are provided in Figures 2, 3 . Negative phase shift due to the nonlinear Kerr effect was apparent at all measured intensity levels. Its temporal shape resembled that of a pump pulse envelope. Generation of free electron gas became evident only at intensities equal to or above LIDT and manifested itself in positive phase shift and reduced transmission of the probe beam around the peak of the pump pulse (the higher the intensity, the earlier the effect starts). At intensities above LIDT, phase flipped back to negative values -a behaviour exhibited in materials with self-trapped excitons. 
THEORETICAL MODEL
Ultrafast response of nonlinear multilayer coating to high intensity femtosecond laser pulses includes multiple ionization and recombination processes making it a highly dynamical system. In order to decouple the processes involved in ultrafast laser damage a theoretical model was developed based on well established techniques: a system of rate equations for free carrier absorption and direct evolution of Maxwell's equations using finitedifference time domain (FDTD) method. Material's energy band diagram is often simplified and simulated by using coupled rate equations:
Material response function
w K -Keldysh ionization rate which includes both multiphoton and tunneling ionizations, 10, 11 w II -impact ionization rate and w CB→ST E -trapping rate, which couples self-trapped exciton state to the system:
where N ST E is density of self-trapped excitons, N ST E,max -maximum density of self-trapped excitons density, τ CB→ST E -trapping time and N CB density of conduction band electrons. Relaxation to valence band and ionization of trapped states is omitted, because these processes take place on a longer time scale, but can easily be incorporated if multiple pulse regime is of interest. The full graphical representation of the simulated energy band system is shown in Figure 4 . The material model is described through the polarization vector. In our case, the polarization is affected by Kerr effect, conduction band electrons and self-trapped exciton state:
The response of conduction band electrons is taken into account by using the Drude model for free electrons 12 with ω p,CB as plasma frequency:
The response of self-trapped exciton states is taken into account by assuming the Lorentz model for bound states 12 with ω p,ST E as resonance frequency:
m CB is effective mass of conduction band electrons, m ST E -effective mass of self-trapped excitons, eelementary charge, 0 -vacuum permittivity.
Electric displacement vector D and complex relative permittivity r can then be expressed as:
The real part of complex dielectric permittivity can be directly used in the FDTD scheme with real fields:
However, the inclusion of imaginary part of complex relative permittivity (and thus absorption) is not as straightforward. In order to use it with real fields in the FDTD scheme, we must express it through the conductivity term:
where the imaginary part of complex relative permittivity is:
The derived conductivity term (14) only includes absorption by conduction band electrons and self-trapped excitons. An additional absorption term is needed to include Keldysh ionization. This can be accomplished by first equating the loss of laser energy J K E (where J K is current density) to energy required to ionize electrons through the Keldysh mechanism E gap w K : 13, 14
The nonlinear conductivity term that accounts for Keldysh ionization σ K and effective conductivity σ ef f of the whole system can then be expressed as:
Electromagnetic field in layered structures
In order to simulate the propagation of femtosecond laser pulse in layered dynamical system the most fundamental method of solving Maxwell's equations was chosen. The electromagnetic field simulation is based on Maxwell's curl equations. 15 In the one dimensional case (assuming propagation along the z axis) these equations can be written as:
where E x denotes electric field, H y -magnetizing field, -permittivity, σ -conductivity, µ -permeability
The finite-difference time-domain method can be used to discretize these equations using Yee's method, 16 which separates E x and H y both in time and space in order to achieve second-order accuracy:
∆ z is spatial step, ∆ t -temporal step, m -spatial step index, q -temporal step index. Permittivity is calculated using the real part of previously derived relative permittivity (12) and effective conductivity from (18) is used as σ. At every temporal time step, and σ are adjusted by calculating the densities of conduction band electrons and self-trapped excitons using rate equations (1) and (2).
Since the pump pulse is more than 10 times longer than the probe pulse, semi-analytical methods can be used to evaluate relative transmission and phase shift of the probe beam. Transmission can be evaluated by using S-matrix method by taking FDTD grid of complex refractive indices as an input. 17 Transmittance ratio can then be evaluated by comparing transmittance with the linear case. Phase shift can be evaluated directly from B-integral: 
ANALYSIS
In order to perform a quantitative analysis of the 2D time-resolved experimental data (Figures 2, 3) , transmittance ratio and phase shift values in the center region of 20x20 pixels were averaged to produce 1D time-resolved data ( Figure 5 ) for the region of highest intensity. A spatial step ∆ z = 10 nm was chosen for the FDTD simulation based on convergence measurements, which resulted in a temporal step of ∆ t = 33 as for the Courant factor of 1. 
Fitting of 1D time-resolved data
All of the one-dimensional curves (transmittance ratio and phase shift at different intensities) were collectively fitted (SLSQP optimization 19 ) using the theoretical model described in the previous section. The collective fit was performed instead of many separate fits in order to constrain the model as much as possible. Since the nonlinear response of the coating is dominated by Nb 2 O 5 layers (Kerr effect is 10 times stronger 2 and nonlinear ionization is at least 10 11 times higher in Nb 2 O 5 than in SiO 2 ) only this material's parameters were varied during the fitting procedure. Fitted values of the model's parameters are provided in Table 2 and corresponding transmission ratio and phase shift curves are shown as solid curves in Figure 5 . As can be seen in Figure 5 , fitted model is in good agreement with experimental data: it accurately describes both transmittance ratio and phase shift changes for all measured intensity levels. Model predicts 150 fs trapping time for self-trapped excitons which is in good agreement with the same parameter measured for SiO 2 . 
Contribution of each layer
Since the model has spatial resolution perpendicularly to the coating, information about the contribution of each Nb 2 O 5 layer can also be extracted. Evolution of conduction band electrons and self-trapped excitons for 145% LIDT intensity level is provided in Figure 6 with a corresponding material response in Figure 7 for the top 2 µm of the coating. It can clearly be seen that the majority of nonlinear ionization takes place in only second and third Nb 2 O 5 layers, while the contribution from the Kerr effect is more evenly spread out (Figure 7  (a) ). The generation of electron plasma begins at the peak of the pulse (Figure 6 (a) ), however, electrons are quickly trapped and at the end of the laser pulse only the self-trapped excitons remain (Figure 6 (b) ) which are responsible for the absorbtion within the coating (Figure 7 (b) ). 
Simulation of time-resolved reflectance
Fitting procedure provided valuable information about the Nb 2 O 5 coating which can be used for future investigations of such nonlinear coatings. For example, lets assume a 1030 nm, 300 fs laser pulse is used to exponate the F502 coating at 145% LIDT intensity (0 degree angle of incidence). Our model can be used to evaluate the nonlinear evolution of both angular and spectral reflectance during the laser pulse ( Figure 8 ). We see that nonlinear reflectance is highly dynamical for intensity values higher than LIDT, however, any further analysis of such behaviour is outside the scope of this paper and is left for future work. 
CONCLUSIONS
We performed a series of pump-probe experiments with spatio-temporal and phase-amplitude resolution on multilayer Nb 2 O 5 /SiO 2 edge filter F502. A one dimensional model was suggested which was found to be in good agreement with both transmittance ratio and phase shift experimental data for all measured intensities. A simple material model based on Keldysh, Drude and Lorentz models seems to be enough to describe nonlinear processess that take place on a time scale of a few picoseconds. Nb 2 O 5 was shown to experience trapping of electrons with a time scale very similar to a widely reported temporal constant of 150 fs for SiO 2 . Nb 2 O 5 /SiO 2 coating's nonlinear response is dominated by Nb 2 O 5 layers with only a few of the top layers contributing to the nonlinear response. Our model allowed identifying each layer's individual contribution and predicting nonlinear evolution of angular and spectral reflectance.
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